Introduction
The adrenal medulla is derived from sympathetic ganglion cells from the neural crest during development. The chromaffin cells, arranged in clusters, are moderately large and show a polygonal or columnar shape in the adrenal medullary tissue. They possess a single round or ellipsoidal nucleus. The cytoplasm contains chromaffin granules [1] . Beside this, different types of cells such as ganglion cells, as well as the other cells are present in the adrenal medulla [2] [3] [4] .
The sympathetic nervous system and the adrenal medulla secrete catecholamines (CA), adrenaline (A) and noradrenaline (NA). Under resting conditions, low levels of CA are released into the blood from the adrenal medulla and sympathetic nerve terminals. During a stressful stimulation, however, a huge amount of A (95%) and a significant amount of NA (which may comprise up to 30% of the total circulating NA) may be released from the adrenal medulla. The remaining 70% of NA is released from sympathetic nerve terminals and enters blood capillaries from the site of release at the neuroeffector junction [5] .
Elevations in environmental temperature are strong stimuli that can affect both the sympathetic nervous system and hypothalamic-pituitary-adrenocorticalaxis [6, 7] . There is evidence that high ambient temperature (heat stressor) increases plasma concentrations of catecholamines in rats [8] and impulse traffic in sympathetic fibers in humans [9] . Passive heating (through sauna exposure or submersion in a hot tub) sufficient to raise the core temperature by 1.2°C also increases circulating levels of catecholamines and cortisol [10, 11] . Heating in a hot chamber tended to increase the unbound plasma concentrations of A in humans. The concentrations of A in the heat were significantly higher at 60 and 90 min, when compared to the thermoneutral condition, but only exercise in the heat induced significantly higher levels of plasma NA [12] . After exposure to the heat stressor, the plasma concentrations of catecholamines were increased in pigs [13] , oxen [14] and rats [15] . Very little is known about possible tissue damage caused by high environmental temperature, especially after a short exposure. One study showed that when Wistar rats were exposed to progressively higher temperatures for 30 minutes, at 40.5°C the harvested organs (heart, lung, liver, pancreas, kidneys, and adrenal gland) showed numerous vascular lesions [16] .
Another study showed that dilatation of small blood vessels with hyperemia were detected when pituitary gland was exposed to acute heat stress in rats [17] . After an acute heat stress, a large amount of interstitial capillary dilatation and blood cells extravasation among the cell nests of medulla has been observed in the suprarenal gland [16] . Some studies suggest that short exposure of rats to heat may evoke interstitial fibrosis in all parts of the adrenal gland, both cortex and medulla [18] .
The majority of studies are related to the chronic effects of high temperatures on the adrenal gland [15, 17] , while there are very few studies focusing on the short-term effects of elevated temperature. Taking this into consideration, as well as the fact that there are no reports on morphometric and ultrastructural study of the adrenal medulla after acute heat exposure, the aim of this study was to investigate the effect of acute high ambient temperature on rat adrenomedullar cells.
Experimental Procedures

Analysis at light microscopy level
In this study, two months old male Wistar rats (Rattus norvegicus Berkenhaut 1769), weighing 320±30 g were used. The rats were kept under a 12:12 h light:dark cycle, at 22±1ºC and accustomed to daily handling. Animals were fed with commercial rat food and drank tap water ad lib. The animals were divided into two groups, each consisting of ten rats. The animals from the first group were intact controls. The rats from the second group were exposed to an ambient temperature of 38°C for 60 min in a hot chamber, (Sutjeska, Beograd, YUG) before sacrificing.
After measuring body mass and temperature, animals were sacrificed by decapitation using guillotine (Harward-Apparatus, Holliston, MA, USA) without anesthesia immediately after the stress exposure. Both the control and the heat-stressed rats were sacrificed at the same time between 10 and 11 a.m. The blood was collected from the trunk, divided into 2 sets of tubes lined with EDTA added. The left adrenal gland from each animal was removed, freed of fat on ice and weighed.
The plasma adrenaline and noradrenaline concentrations were determined using 3 CAT EIA kit (LDN, Nordhorn, Germany) and values expressed as pgA/ml plasma and pgNA/ml. Each left adrenal gland was fixed in 4% formalin solution and embedded in paraffin, according to standard procedure. The adrenal gland was serially cut into 5 μm thick sections on the 'Reichert' rotation microtome. Sections were stained by the AZAN trichrome technique. The stereological analysis was performed by a point counting technique using multipurpose test grid M42 [19] under an Olympus light microscope. The volume density (volume fraction) of the medullar components (cells, nerve components, blood vessels and interstitium) were estimated from ten fields of each adrenal medulla at the widest adrenal profile area at a magnification of 1000x. The volume density of tissue compartment i (Vvi) was calculated as: Vvi=Pi/Pt, where Pi = number of points falling on the tissue compartment i, and Pt = total number of points counted on the reference tissue [20] . 
Analysis at ultrastructural level
For the ultrastructural study, the right adrenal glands from six animals were used. The glands were fixed in 4% glutaraldehyde in 0.1 M phosphate-buffer, postfixed in 1% osmium tetroxide, and then contrasted with water solution of uranyl-acetate overnight at 4ºC, dehydrated in alcohol and propylene oxide, and embedded in EPON. Semi-thin sections were cut on an LKB III ultramicrotome (LKB, Bromna, Sweden) and stained with toluidine blue, and then used for identifications of adrenal medulla. Ultra-thin sections were stained with lead-citrate, and examined under a Philips CM12 (Philips, Eindhoven, The Netherlands) electron microscope. The adrenaline-(A) and noradrenaline-(NA) producing cells were distinguished by the morphology of their granules. Adrenaline was stored in small vesicles with a light or moderately dense core. Noradrenaline was packed in larger vesicles with very high density content, and often eccentrically positioned [22, 23] . The profile area of cells, cytoplasm and nuclei was estimated by using the point-counting method according to [20] .The volumes of cells and nuclei were calculated from 15 adrenaline and 15 noradrenaline cells, both in controls and stressed rats (altogether 60 cells) at a magnification of 3400x on the electron microscope using a star graticule-nucleator [24] . The granules were classified into three groups: resting granules, granules with partially mobilized content (altered granules), and empty containers [25] . The ultrastructural quantitative investigations included determination of resting granules, altered granules with reduced secretory components and empty containers in both types of cells at a magnification of 8800x. The number of resting granules, altered granules, and empty containers were counted and expressed as a percentage of the total number of granules/containers [26] .
The experiments were performed according to the rules of animal care proposed by the Serbian Laboratory Animal Science Association (SLASA), which is a the member of the Federation of European Laboratory Animal Science Association (FELASA).
For a comparison between the two groups, Student's t-test was used and the level of significance was set at P<0.05.
Results and Discussion
In this study we examined the effect of acute heat stress on rat adrenal medulla at light and ultrastructural levels. This is the first study to examine the effects of short exposure to high ambient temperature on rat adrenal medulla at the ultrastructural level.
Acute heat stress (60 min at 38°C in hot chamber) lead to hyperthermia which was manifested by increased rat body temperature from physiological 38°C to over 40°C ( Table 1) . Exposure to heat significantly raised rat body temperature to over 40°C. There is evidence that heating increases the body temperature in rats [15] , pigs [13] , oxen [14] and humans [27] . Sriramachari [28] considered elevation of body temperature over 40°C to be a severe hyperpyrexia. Hyperpyrexia represents mild to moderate illness due to loss of body fluids and depletion of salt following exposure to high environmental temperature.
Our investigation showed that the short-term heat exposure induced a significant rise of plasma adrenaline and noradrenaline level (Figure 1 ). The effects of environmental heating on the plasma catecholamine concentration, splanchnic sympathetic nerve activity (SNA), heart rate (HR), mean arterial pressure (MAP), and core temperature (Tc) were monitored during heat stress. It was shown that exposure to the heat stress increased values of all investigated parameters [8, 15] . Increased plasma concentrations of catecholamines were found during hyperthermia of the nonpregnant women [29] and after 30 min sauna exposure [27] . The adrenaline secreted into blood circulation is almost produced from the adrenal A-cells [30] [31] [32] . The high NA levels in the plasma indicate the activity of the sympathoneural system [33, 34] , and also reflect the secretion of NA from the NA-cells in addition to the release from the sympathetic nerves [5, 35, 36] .
The results of the stereological and morphometric analysis at light microscopy level are shown in Table 2 The volume density of cells was significantly reduced (P<0.001), and that of interstitium increased (P<0.01).
Other investigated parameters in adrenal medulla remained unchanged. The decrease of the volume density of adrenomedullar cells could be explained by dehydration of adrenomedullar cells under the influence of the external heat [37] and by release of catecholamines from the chromaffin cells. It is well known that physiological responses to stress are initiated by activation of the sympatho-adrenomedullary system (SAS) and the hypothalamo-pituitary-adrenal (HPA) axis, resulting in the release of catecholamines and stress hormones [38] . After heat stress interstitial fibrosis was present in the adrenal medulla [2] . Quantitative analysis of adrenomedullar cells performed at the ultrastructural level gave the following results ( Table 3) . Among the adrenaline and noradrenaline cells (Figure 2 , control rats, Figure 5 , heatexposed rats) values for all investigated parameters, namely, the profile area of cells, nuclei and cytoplasm were significantly changed only for adrenaline cells. Profile area both, of cells (P<0.001) and cytoplasm (P<0.001) was significantly decreased, probably due to strong discharges of a whole adrenaline granules from cells ( Figure 8) . Also, the profile area of nuclei was significantly decreased (P<0.01). The discharge of whole granules from chromaffin cells into interstitium is well documented as one of ways of granule releasing [1] . It was already mentioned that the adrenaline in the blood circulation is produced from the adrenal A-cells [30, 32, 39] .
Resting granules accounted for 95.8±1.5% and 82.9±3.2% of total granule repertoire in A cells ( Figure 3 ) and NA cells (Figure 4) , respectively. In addition, altered enlarged granules with eroded or mobilized constituents were found in both cell types. They accounted for 2.3±0.8% of total granules in A cells and 7.6±2.5% in NA cells. Dilated empty containers represented 1.9±0.7% of granules in A cells and 9.5±1.1% in NA cells. In the heat treated rats resting granules were reduced in number in comparison with control cells (55±5.4% in A cells ( Figure 6 ) and 25.9±10.2% in NA cells ( Figure 7) ; P<0.001 in both cases vs. controls). In addition, the percentage of altered enlarged granules with mobilized content material was highly increased to 20.3±3.5% in A cells (P<0.01) and 49±7.5% in NA cells (P<0.001). Empty containers represented 24.7±1.8% of total granules in A cells (P<0.001) and 25.1±3.2% in NA cells (P<0.01). After the heat stress numbers of resting granules in A and NA cells were significantly decreased, while numbers of altered granules and empty containers in both types of adrenomedullar cells were significantly increased. Our results are consistent with the findings of Crivellato et al. [26] who investigated the administradion of reserpine to rats. Resting granules in A and NA cells were NA cells were less altered in comparison with adrenaline cells after acute heat exposure. reduced in number compared to control cells, suggesting that reserpine may cause catecholamine depletion in adrenomedullary cells. Reserpine administration in rats is associated with an increased cytoplasmic formation of both altered dilated granules with partially mobilized content material and large nonfused empty containers [26] .
Conclusions
In conclusion, the presented results showed that the applied treatment significantly elevated plasma concentration of adrenaline and noradrenaline. The profile area of cells, nuclei and cytoplasm of adrenaline cells was significantly decreased. The numbers of resting granules in adrenaline and noradrenaline cells were significantly reduced, whereas the numbers of altered granules and empty containers in both types of adrenal medullary cells were significantly increased after heat stress. Additionally, whole adrenaline granules were observed in medullary blood capillaries. We concluded that short-term heat exposure causes changes in the rats body that are manifested by increased concentrations of plasma catecholamines and changes in the cells of adrenal gland medulla, especially of adrenaline cells.
